ABSTRACT Spray-dried whole bovine blood, dry poultry egg, and a dry milk substitute are the constituents of the artificial diet currently used for mass rearing screwworm larvae, Cochliomyia hominivorax (Coquerel) (Diptera: Calliphoridae). Due to high cost and uncertainty of the commercial supply of spray-dried blood, research was conducted to identify alternative, locally available, inexpensive, dietary ingredients which could reduce cost of rearing and eliminate concerns of short supply. Experimental diets were prepared without blood component and with various ratios of bovine blood or blood cell product and defatted soy flour. Results indicate that spray-dried bovine blood can be replaced by a readily available and less expensive blood cell product. When the quantity of whole dried blood or blood cell component was reduced or removed completely from the diet, the larvae did not feed adequately, resulting in high mortality. Those larvae that survived produced pupae that were of unacceptable quality. When the milk product was replaced by soy flour, pupae were slightly smaller than those reared using the current diet; however, replacement of egg product with soy flour produced even smaller pupae. Longevity of adult flies that emerged from these small pupae was short and the females deposited few eggs. These results indicate that soy flour cannot replace the blood component from the diet, but can replace the milk product successfully. It is likely that some factor or a combination of factors in the blood act as feeding stimulants, without which larvae are unable to feed normally, resulting in high larval mortality.
Artificial diets for insects must have appropriate feeding stimulants in order to elicit feeding response besides having essential nutrients in adequate amounts. Many nutrients including sugars, some amino acids, lipids, and minerals act as feeding stimulants (Chaudhury 2009 ). Phagostimulants are essential to initiate and maintain robust feeding for normal growth and development (Cohen 2004) . In terms of essential nutrients, insects need the same basic nutritional components that larger animals (including humans) need (Nation 2002) . Maintaining a balance of nutrients and phagostimulatory factors are critical when developing an artificial diet (Cohen 2004) .
In nature, the larvae of screwworms, Cochliomyia hominivorax (Coquerel), live as obligate parasites on warm-blooded animals feeding on living tissue. Bushland (1936, 1940) developed an artificial diet containing ground beef and citrated bovine blood for rearing screwworm larvae in the laboratory. In place of bovine blood, the authors also successfully used the blood of goat, sheep, and pig to rear screwworms (Melvin and Bushland 1940) . Over time, many modifications and improvements for the rearing of screwworms have been made-including a "hydroponic" diet that used dry ingredients, including dry blood, hydrated with water suspended in cotton or acetate fiber (Gingrich et al. 1971 , Taylor 1992 ; acrylamide gelling agents to "bulk" the hydroponic diet eliminating the need for cotton and acetate fiber base (Harris et al. 1984 (Harris et al. , 1985 Taylor 1988b; Taylor and Mangan 1987; Taylor et al. 1991) ; and replacing acrylamide gels with cellulose fiber as the bulking agent (Chaudhury and Skoda 2007) . Blood has remained as an essential component of the diet (reviewed by Chen et al. 2014) . Gingrich (1964) developed a chemically defined synthetic medium which contained casein, yeast extract, cholesterol, inorganic salts, water, and agar. This medium was further defined by replacement of casein with a mixture of L-isomer amino acids, and of yeast extract with a mixture of vitamins and ribonucleic acid. This study established the nutritional requirements of screwworm larvae in terms of all the essential nutrients such as amino acids, vitamins, minerals, fatty acids, nucleic acids, and carbohydrates. Nutrients essential for screwworm larvae included those usually required Mention of proprietary product does not constitute endorsement or recommendation for its use by the USDA. USDA is an equalopportunity provider and employer.by other insects except carbohydrates which was not found essential for screwworms (Gingrich 1964) .
During recent years, availability of the dry bovine blood became extremely limited due to production of fractionated blood (blood cell and plasma) which was more profitable to the manufacturers. We therefore tested the efficacy of fresh bovine blood with the other dry components for rearing screwworms with promising results (Chaudhury et al. 2011 ); however, due to concerns regarding storage and handling of large quantities of fresh blood, use of spray-dried blood was continued for mass rearing. We also tested spray-dried blood cell fraction in place of spray-dried whole blood (Chaudhury et al. 1998) . Diet with blood cell fraction was similar in performance to the standard diet for mass rearing based on spray-dried whole blood. However, due to expense and questionable supply of blood products, we continue testing other alternative dietary ingredients to replace blood partially or completely in the screwworm larval diet.
Materials and Methods

Insects,
Gelling Agent, and Dietary Ingredients. All tests were conducted using the Panama-95 strain of the screwworm, which was developed from flies collected from Panama in 1995.The sodium polyacrelate Aquatain gel was purchased from the Pioneer Medical Inc. (Lakeland, FL). The spraydried whole bovine blood and the spray-dried poultry egg were purchased from California Spray Dry Co. (Stockton, CA); the spray-dried bovine blood cell product, AP 301, was obtained as a sample from the American Protein Corporation (Ankeny, IA); the dry milk substitute was purchased from Calva Products Co. Inc. (Acampo, CA); the soy flour (defatted), a U.S. manufactured product, was purchased from a source at a local market in Mexico. Table 1 shows the major nutrients and their amounts found in each of the ingredients as listed in the USDA Nutrition Database (http://www. ndb.nal.usda.gov/ndb/search/list), Duarte et al. (1999) for bovine blood and blood cell, as well as results of analyses communicated by the respective suppliers. Essential amino acids are present in each of the whole bovine blood, blood cell fraction (Duarte et al. 1999) , dry egg product, dry milk substitute, and soy flour (USDA Nutrition Database). All essential vitamins and minerals are present in the egg product, dry milk, and soy flour (USDA Nutrition Database). Blood and blood cell products are good sources of bioavailable iron (Duarte et al. 1999) which is required by insects for various metabolic functions (Cohen 2004) .
Diet Formulation. Diets were prepared as described by Chaudhury et al. (1998) and Chaudhury and Skoda (2007) with some modifications. The diet used for mass rearing served as the control diet (A) and was prepared by mixing spray-dried whole bovine blood (dry blood; 60 g), spray-dried poultry egg (dry egg; 40 g), dry milk substitute (dry milk; 40 g), and Aquatain gel (22 g) with 838 ml of water to produce 1 liter of diet. Formalin (Sigma-Aldrich, St. Louis, MO) was added to the medium (1 ml per liter of diet) to prevent microbial growth. Eleven test diets were prepared by substituting alternative dietary ingredients-spray-dried blood cell product (blood cell) and soy flour-in various amounts as shown in Table 2 . All the test diets were prepared using gel as the solidifying agent and formalin as the antimicrobial agent as described in the control diet above. Initial pH of all the formulations was 6.8.
Rearing Methods. Larvae were reared according to the procedures described previously (Chaudhury and Alvarez 1999, Chaudhury and Skoda 2007) with some modifications. Each larval rearing tray received a total 1.5 liters of freshly prepared diet in three feedings of 0.3, 0.6, and 0.6 liter on day 0, 2, and 3, respectively. Each tray received 100 mg of freshly laid eggs (2,000 eggs) on day 0, placed on a 2-by 2-cm piece of moist paper towel placed directly on top of the diet, allowing the newly hatched larvae to disperse into the diet during the next 24 h. Egg shells and unhatched eggs on the paper towel were collected and examined under a dissecting microscope to ascertain normal hatch (>90%). Starting on day 5, mature larvae crawled out (also known as crawl-off) from the diet tray and dropped into collection trays containing saw-dust that was placed under each diet tray. Larvae were allowed to pupate in the saw dust. Three trays were set up for each test and each test was replicated six times using eggs from different generations.
Recording of Feeding Behavior. Feeding behavior of larvae in each rearing tray was observed as they fed gregariously, resulting in formation of "feeding pockets" in the media. This behavior was observed for 2-3 min once each day between 9 and 11 a.m., and any abnormal behavior, such as consistent locomotory behavior without engaging feeding, was recorded. In some cases, observations were made by isolating a small portion of the diet (20 g) along with the developing larvae into a 9-cm Petri dish and placing the dish under an illuminated magnifier. The diet with larvae was then returned to the respective rearing trays after observation.
Recording Life History Parameters. The following life history parameters were recorded from the insects that developed in each rearing media: 1) larval weight; 2) pupal weight; 3) number of pupae per tray; 4) percentage of adults emerged; 5) adult longevity; 6) fecundity; and 7) fertility. These parameters were determined as follows: The weight of a sample of 100 mature larvae from each crawl-off collection tray was determined and average weight per larvae in mg was calculated. The sampled larvae were returned to their respective trays where they pupated in the sawdust. When the larvae pupated (day 5 after crawl-off), a sample of 100 pupae and all the pupae in each collection tray were weighed, and the average weight of each pupa in mg and the number of total pupae per tray were calculated. Percentage of adult emergence was calculated after determining the number of adults that emerged from a sample of 100 pupae randomly selected (day 5 after crawl-off). To determine adult longevity, 100 newly emerged adult flies (<24 h old; 1:1 sex ratio) emerged from a randomly selected pupae sample were held in cages with honey and water, and their mortality was recorded daily until the death of 50% of the flies. To determine fecundity, 200 pupae from each tray were caged separately for emergence of adults and held at 28 C and a photoperiod of 12:12 (L:D) h conditions; adults were fed spray-dried egg and honey mixture (Chaudhury et al. 2000 ; same food as used for the adult screwworm colony in mass production) until the females were gravid (7 d old). Females in each cage were allowed to oviposit for 2 h in a Petri dish containing 5 g of ground beef mixed with a few drops of liquid spent larval diet as oviposition stimulant and held in dark at 37 C (Chaudhury et al. 2012) . Egg masses from the Petri dishes were then collected and weighed. Some females were collected at random and ovaries were dissected under microscope to ascertain ovarian development. To determine fertility, 50 mg of eggs from each cage were allowed to hatch by incubating them at 38 C for 20 h in a Petri dish lined with moist filter paper and each containing 3 g of ground beef. Unhatched eggs and empty eggshells from each Petri dish were counted and percentage egg hatch calculated. Deformed females in some of the treatments were dissected to determine their mating status by examining their spermathecae under a dissecting scope.
Statistics. The treatments, as described above, included 11 experimental diets and one standard diet as control. Data recorded for life history parameters were evaluated using analysis of variance (ANOVA) for randomized complete block design followed by TukeyKramer's multiple range tests to separate means after a significant F value at P < 0.05 level (Sokal and Rohlf 1981, NCSS LLC 2000) . Each replicate was set up on different days which constituted the blocking criteria. In case of percentage and percentage egg hatch normal assumptions were used (normal distribution of data) as provided in ANOVA.
Results
Feeding Behavior. Larvae reared on the diets with full amount of whole blood (A) and with full amount of blood cell (B) exhibited robust feeding as shown by forming numerous, typical feeding pockets in the diet where most of the larvae were congregated for feeding. If the larvae were disturbed or removed from the feeding pockets and placed on top of the diet, they crawled back into the feeding pockets. A few larvae were observed to crawl on top of the diet, apparently in search of a feeding pocket. Larvae isolated on Petri dishes with a small portion of diet remained on the diet forming a feeding pocket. On the contrary, the larvae reared on diets that were devoid of blood components (C and D) fed extremely poorly. There were no feeding pockets apparent when viewing the surface of these two diets and most of the larvae were constantly moving about on top of the diet; some of them were trying to crawl out of the rearing tray. Larvae isolated on a dish with a portion of the diet showed similar behavior. The larvae reared on diets that had blood components but milk was substituted with soy (E and G) fed substantially although there were fewer, qualitatively, feeding pockets comparing to diet A and B. The larvae reared on diets that had blood components but egg was substituted with soy (F and H) also fed well, showing a number of feeding pockets comparable with those observed in diets E and G. The larvae reared on diets I and J, with 50% less blood component than diet A and B fed rather poorly but better than those reared on C and D (devoid of blood components). Likewise, the larvae reared on diets K and L (90% less blood component than diet A and B) fed poorly but somewhat better than those reared on diets C and D. All of the last four diets showed only a few feeding pockets and there were only a few larvae occupying these pockets.
Life History Parameters. Examination of egg shells and unhatched eggs from each tray showed >90% hatch. Table 3 shows the mean 6 SE of larval and pupal weight, number of pupae per tray, percentage adult emergence and adult longevity in days for the insects reared in 12 diets. Weight of the larvae, yield of pupae per tray, percentage emergence and longevity from diet B was comparable with that reared on the standard diet (A); although the weight of pupae from diet B was statistically significantly lower than those reared on the standard diet, this weight was still well within acceptable level of 45 mg as determined by the mass rearing program. Diets with no blood component (C and D) did not support normal larval growth, resulting in poor larval and pupal weight and significantly low pupal yield per tray compared with diets A and B. Only about 10% pupae from the diets C and D produced adults which did not survive past the age of 5-6 d.
Substituting soy flour for milk product in the diet (E) produced acceptable size pupae (45 mg) and number of pupae per tray (>1200), and 88% of them resulted in adult emergence which survived for an average of 17 d. However, when egg product was replaced by soy flour (F), larval and pupal weights were significantly lower than those reared on the standard diet, which were below acceptable level. When whole blood was replaced by blood cell product and milk was replaced by soy flour (G), larval and pupal weights were significantly lower and the pupae were below acceptable size, although pupal production was 1225 per tray. Similarly, when whole blood was replaced by blood cell and egg product was replaced by soy flour (H), larval and pupal weights were significantly lower than those from the standard diet. Furthermore, pupal production per tray was significantly lower than the numbers obtained from diets A, B, E, and G.
Diet I and J, with the blood components reduced to half (30 g) and replaced by equal amount of soy flour, resulted in significantly smaller pupae (36 mg) compared with those from standard diet but significantly larger than those from the diets with no blood components(C and D). Pupal yield was about half the numbers obtained from the standard diet, but four times higher than the numbers obtained from the diet C and twice the number obtained from D. Adult flies emerged from 57-60% of these pupae, of which many had deformed wings and survived only 7-8 d without mating as determined by examining spermathecae. Diets K and L, with blood components reduced to 10 g and replaced by 50 g of soy flour, also resulted in smaller pupae (comparable with those from the diets I and J), but pupal yield was less than the numbers obtained from diets I and J. Again, flies emerged from only 50% of these pupae, with most of them showing wing deformity and surviving for a mean period of 1 wk.
Fecundity and Fertility. Females reared from the standard diet (A) showed normal oviposition rate (10 mg eggs per female; Table 3 ). Females reared from diet B laid fewer eggs than the females from diet A, but the difference was not significant. Females from the diets C and D were extremely small and died before laying any eggs. Females from diets E, F, and G laid fewer eggs than the females from diet B, but only the amount from diet G females was significantly different from the amount laid by diet B females. Females from the diet H, the smallest of all the females resulted from these tests, laid the least amount of eggs; results were significantly different from all other amounts of eggs. Dissection of ovaries of some of the females showed no mature egg follicles. Females from the diets I, J, K, and L, although they survived for 7.5-8.6 d, did not lay any eggs. Again, there was no ovarian follicular development in any of the females dissected. Eggs hatched from all of the samples taken from these egg batches ranged from 91.2 6 0.9 to 91.8 6 0.8 and were not significantly different from one another (F ¼ 0.26; df ¼ 5, 102; P ¼ 0.936).
Discussion
Results of this investigation indicate that the blood or blood components are essential in an artificial diet for eliciting normal feeding response of the screwworm larvae and also indicate that adequate blood or blood components are necessary to maintain robust feeding for normal larval growth and development. Both diets A and B contained spray-dried whole blood or blood cell, respectively, in sufficient quantities to support growth. On the other hand, most of the larvae did not feed on diets C and D which contained adequate nutrients (Gingrich 1964 ) from spray-dried egg, dry milk substitute, and soy flour, but did not have whole blood or blood cell to induce robust feeding and consequently most of the larvae died of malnutrition before pupation. Taylor (1988a) reared screwworm without blood and increased amounts of egg and milk with no significant reduction in survival and 5-d-old pupae weighing around 45 mg. The present diets without blood (C and D) produced only a few pupae of mean weights of 28 and 30 mg, respectively (Table 3) . Diet E, which contained soy flour in place of dry milk substitute in equal quantity, supported larval growth though not as good as diet A. Both milk and soy were obtained defatted and had a similar nutrient profile in terms of protein-fat-carbohydrate as well as minerals and vitamin contents (Table 1 , USDA Nutrition Database and analyses from suppliers). Diet F, which contained soy flour in place of spray-dried egg product, produced significantly smaller insects comparing to those produced by diet E, indicating that replacing egg with soy resulted in an inferior diet. This is possibly because of not having adequate amount of lipid in the diet as supplied by the egg product. Dietary lipids (sterols) are necessary to synthesize ecdysteroids that are needed for various physiological functions including molting (Gingrich 1964 , Nation 2002 , Chaudhury 2009 ). The composition of diet G (with blood cell) was similar to diet E (with whole blood) and produced similar sized larvae and pupae. Earlier investigation on blood cells as an alternative to whole blood indicated that blood cell products may be substituted for whole blood (Chaudhury et al. 1998) . Besides the presence of various amino acids, both the whole blood and blood cell are good sources of bioavailable iron which may be necessary for normal growth of screwworm larvae. The dietary requirements for individual inorganic minerals were not investigated, but Gingrich (1964) reported that when the salt mixture was omitted from a diet, the larvae died without any apparent growth. Because of soy flour replacing egg in diet H, the amount of essential lipids was probably minimal and resulted in larval mortality and poor growth of the surviving pupae as compared with diet G (soy flour replaced milk). Tests with the diets I, J, K, and L considered the effects of reduced amount of blood components in the diets wherein the reduced amount of whole blood or blood cell product were augmented by adding equal amount of soy flour. All these four diets produced a few (600-800 per tray), poor quality, small sized pupae (<36 mg). Adults emerged from about 50% of these pupae and died without laying any eggs. Obviously, the reduction of blood products in these diets caused heavy larval mortality and malnutrition in the surviving individuals resulting in small pupae. Although the nutritional qualities of the diets were maintained by augmenting with soy flour, these diets could not support normal larval development. The dietary ingredients used to prepare the diets contained all the essential amino acids, vitamins, particularly those of B-complex required by screwworms, lipids, and the necessary minerals to satisfy all the nutritional requirements (Gingrich 1964) . These results indicate that soy flour can successfully replace milk substitute currently used in mass rearing of screwworms. Soy flour used in this study was processed for animal/human consumption. Any harmful toxins including trypsin inhibitors are destroyed by the application of moist heat during normal processing steps for this type of soy flour (Herkelman et al. 1992 ; online review: G. L. Cromwell 2000, http://www.soymeal.org/ReviewPapers/SBMExceptional ProteinSource.pdf).
Results of the oviposition and egg-hatch indicate that most of the adult females, when surviving for a long period (11-19 d) , were able to mate and complete ovarian development and oogenesis. Only the females from diet where the egg was replaced by soy flour (H) deposited significantly low amount of eggs compared with females from other diets, suggesting some deficiency in nutrients required for ovarian development. There was no oviposition from the females obtained from diet I, J, K and L, which lived for at least a week. These females were not healthy and consequently died at a very young age before completing oogenesis. Dissection of ovaries of some of these females revealed no vitellogenic follicles, indicating that these females were unable to synthesize egg protein vitellogenin as do the normal females of this age.
Results of the present investigation indicate that blood, or at least some yet unknown constituent in blood, is indispensable for a successful screwworm artificial diet. Besides bovine blood, larvae were successfully reared using porcine and poultry blood (M.F.C., unpublished data). Diets without the blood or blood cell component cannot support robust feeding resulting in high larval mortality. It is probable that a factor (or a combination of factors) from the blood is responsible for stimulating feeding in larvae. Several amino acids and lipids are known to induce feeding in insects (Chaudhury 2009 ). It is likely that several factors in bovine blood, such as the ratio of various amino acids present as well as the heme-complex fraction, act as phagostimulants to induce feeding response and maintain continuous feeding by screwworm larvae. Additional research will be necessary to identify a factor or factors in blood that are responsible for inducing feeding response in screwworm larvae leading to adequate feeding which would result in production of high quality, mass production of insects required for continuing the screwworm eradication and management program.
